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Jets produced in high energy heavy ion collisions are quenched by the production of the quark
gluon plasma. Measurements of these jets are influenced by the methods used to suppress and
subtract the large, fluctuating background and the assumptions inherent in these methods. We
compare the measurements of the background in Pb+Pb collisions at
√
sNN = 2.76 TeV by the
ALICE collaboration [1] to calculations in TennGen (a data-driven random background generator)
and PYTHIA Angantyr. The standard deviation of the energy in random cones in TennGen is
approximately in agreement with the form predicted in the ALICE paper, with deviations of 1–6%.
The standard deviation of energy in random cones in Angantyr exceeds the same predictions by
approximately 40%. Deviations in both models can be explained by the assumption that the single
particle d2N/dydpT is a Gamma distribution in the derivation of the prediction. This indicates that
model comparisons are potentially sensitive to the treatment of the background.
I. INTRODUCTION
A hot, dense, strongly interacting liquid of quarks and
gluons called the Quark Gluon Plasma (QGP) is briefly
created in high energy heavy ion collisions [2–5]. Two of
the key signatures of the formation of the QGP are hydro-
dynamical flow and jet quenching. The strong azimuthal
asymmetry in the final state particles’ momenta is a sig-
nature of hydrodynamical flow. There are many mea-
surements of jets which can, in principle, provide quan-
titative constraints on the properties of the medium [6].
While there have been some constraints on the properties
of the medium due from measurements of jets [7], the era
of quantitative measurements of jets is just beginning.
Improving quantitative constraints on the medium us-
ing jet measurements requires a quantitative understand-
ing of the background. The correlations in the back-
ground due to flow lead to an anisotropic background,
which can in turn influence jet measurements. At the
Relativistic Heavy Ion Collider (RHIC), mixed events
were able to successfully describe the background in mea-
surements of hadron-jet correlations [8], indicating that
the background is dominated by random combinations of
particles. Studies of the background at the Large Hadron
Collider (LHC) by the ALICE collaboration found that
the distribution of background energy density measured
by using random cones with the leading jet removed were
described well by predictions for a random background
with correlations due to flow [1].
We study the measurements in [1] in two models. We
compare to a data-driven random background genera-
tor, TennGen [9], which uses the measured single parti-
cle spectra and flow to generate a realistic background
without any jets. We also use PYTHIA Angantyr [10],
a Monte Carlo generator based on PYTHIA 8.2[10, 11],
which models heavy ion collisions as a superposition of
nucleon-nucleon collisions.
II. SIMULATIONS
A. TennGen
The measured single particle double differential spec-
tra for pi±, K±, p and p¯ from [12] are fit to a Boltzmann-
Gibbs Blast Wave distribution [13] [14]
d2N
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= NpT
∫ 1
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where pT is the transverse momentum, y is the rapidity,
N is the normalization, m is the mass of the particle,
βs is the surface velocity, n is an exponent describing
the evolution of the velocity profile, and Tkin. is the ki-
netic freeze out temperature. The I0 and K1 are mod-
ified Bessel functions. The reduced radius, r′, is inte-
grated over from 0 to 1. The multiplicity of each par-
ticle species is determined from ratios [15] and is scaled
up assuming a constant charged particle multiplicity per
unit pseudorapidity, dNch/dη. This is a reasonable ap-
proximation for the pseudorapidity region used in this
analysis, −1.0 < η < 1.0. The multiplicities are deter-
mined from measurements of the charged particle mul-
tiplicities in [16]. Only the centrality bins in [15] are
available (0–5%, 5–10%, 10–20%, 20–30%, 30–40%, and
40–50%). Only charged hadrons are generated for this
analysis.
The azimuthal asymmetry in heavy ion collisions is
decomposed using
dN
dφ
=
N0
2pi
5∑
n=1
2vn cos(n(φ−Ψn)) (2)
where N0 is the number of particles, the vn are constants
between 0 and 0.5, and φ is the azimuthal position of
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2the track. The symmetry planes Ψn are set to zero for
even n and are randomly thrown from a flat distribution
for the odd n, roughly matching correlations observed in
data [17]. A random pT is thrown from the distribution
in eq. 1, which is then used to determine the vn. When
the vn are included, the pT -dependent vn from [18] are
fit to a polynomial for n > 2. For n = 1, a rapidity-
even v1 comparable to v2 and v3 has been observed [19–
21], but it is difficult to measure and is still poorly con-
strained. To roughly match these measurements, we use
v1(pT ) = v2(pT ) − 0.02, which will give a negative v1
for low pT and a positive v1 for high pT , roughly con-
serving momentum. The azimuthal coordinate is then
randomly drawn from eq. 2. TennGen is also run with
the vn set to zero. The pseudorapidity (η) is randomly
drawn from a uniform distribution for | η |< 0.9. Event-
by-event fluctuations in the multiplicity are not included.
For each centrality bin and combination of vn, 60k events
are generated. For the 0–10% centrality bin, the 0–5%
and 5–10% bins are combined. The code for TennGen is
available on Github [9]
B. Angantyr
PYTHIA Angantyr [10] is a Monte Carlo model for
heavy ion collisions included in PYTHIA 8[10, 11]. It
is primarily a superposition of nucleon-nucleon colli-
sions and includes inelastic collisions, single-diffractive,
double-diffractive, and absorptive collisions using a
model with fluctuating radii. The fluctuating nucleon
radii result in a fluctuating nucleon-nucleon cross section.
This further results in multiplicity fluctuations. Angan-
tyr includes hard scatterings, event-by-event multiplic-
ity fluctuations, and multiparton interactions. Angantyr
does not contain flow or jet quenching. As such, it is a
good baseline for collisions in the absence of a QGP.
Default parameters are used and 20 ·103 minimum bias
Pb+Pb collisions at
√
sNN = 2.76 TeV and 20 · 103 min-
imum bias Au+Au collisions at
√
sNN = 200 GeV were
generated. The centrality was determined using the cen-
trality class implemented in Rivet [22], which uses the
multiplicity in the forward pseudorapidity regions match-
ing the ALICE V0-A and V0-C acceptance and bins the
events in terms of the multiplicity in these regions in An-
gantyr.
C. Reconstruction efficiency
The measurements in [1] did not include corrections for
detector effects so we implement an approximate single
track reconstruction efficiency, the dominant effect, to
make these model calculations more realistic. We use a
parameterized pT -dependent efficiency roughly matching
the efficiency of the ALICE detector in [23].
TABLE I. FastJet Parameters Used
Rparam 0.4
ghost max. rapidity 2.0
repeat 1
ghost area 0.005
grid scatter 1.0
pT scatter 0.1
< pghostT > 10
−100GeV/c
TABLE II. ρ versus multiplicity fit parameters
slope intercept
Angantyr 0.0611 ± 0.0003 -1.20 ± 0.23
Background Generator 0.0610 ± 0.0029 -1.31 ± 2.38
ALICE Data ([1]) 0.0623 ± 0.0002 -3.3 ± 0.3
III. RESULTS
A. Background density ρ
To match the analysis in [1], the background density
ρ is estimated using the kT jet finding algorithm imple-
mented in FastJet [24] with the pT recombination scheme
and a resolution parameter of R = 0.4. Reconstructed
charged particles with pT > 0.15 GeV/c are input into
the jet finder and ghost particles are used to estimate
the jet area, A. Jet finding parameters are summarized
in tab. I.
For jet candidates with |η| < 0.5, the median pjetT /A
is used to estimate the background momentum density ρ
for each event (as in [25]). For Angantyr, the two leading
jet candidates are excluded from the sample when calcu-
lating the median, as done in [1]. Leading jets are not
excluded in TennGen because it contains no jets.
Figure 1 shows ρ versus the reconstructed number of
tracks Nrawinput for TennGen and Angantyr. These are fit
to a straight line with the parameters given in tab. II
and compared to fits from [1]. The multiplicity depen-
dence is comparable to ALICE data in both models. Note
that the data cover a wider range of multiplicities be-
cause TennGen only includes fixed multiplicities and An-
gantyr underestimates the multiplicity distribution by 5–
10% [10]. This trivial difference in the multiplicity means
that neither model is directly comparable to the data.
We therefore emphasize comparisons to expectations for
a random background in the following sections.
B. Distribution of δpT
Two random cones with a radius R = 0.4 are drawn
within |η| < 0.5 for each event. The pT of all recon-
structed charged hadrons in the cone are added and the
background density ρ estimated from jets found with the
3input
rawN
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FIG. 1. Median event by event ρ vs. Nrawinput for TennGen and
Angantyr Pb+Pb collisions at
√
sNN = 2.76 TeV. The line is
from the fit of a straight line to Angantyr. Parameters from
fits to a straight line are in tab. II.
FIG. 2. Comparison of TennGen and Angantyr to 0–10%
central Pb+Pb collisions at
√
sNN = 2.76 TeV data from [1].
In both Angantyr and the ALICE data, the leading jet has
been exlcuded.
kT jet finder is subtracted to get
δpT = pT,cone −Aconeρ (3)
where Acone = piR
2. The distribution of δpT is a measure
of the fluctuations in the background.
Figure 2 shows the distribution of δpT in ALICE data
in Pb+Pb collisions at
√
sNN = 2.76 TeV [1], TennGen,
and Angantyr. The leading jet has been excluded from
both the ALICE data and Angantyr. Even though Ten-
nGen uses ALICE single particle spectra and vn, the dis-
tributions do not overlap. This is in part because Ten-
nGen uses the average multiplicity and does not include
fluctuations in the number of particles, leading to a some-
what narrower distribution than the data. Furthermore,
TennGen contains no jets.
The distribution of the sum of momenta from a random
sample of particles was discussed in [26], where it was
applied to distributions of transverse energy in events.
These derivations were applied in [1] to the problem of
random cones. In [26], the single particle spectrum is
approximated as a Gamma distribution
d2N
dydpT
∝ k
Γ(p)
(kpT )
p−1e−kpT (4)
where p ≈ 2 and k are constants and Γ(p) = p! if p is
an integer. The N -fold convolution of this distribution is
itself another Gamma distribution with a mean given by
N〈pT 〉 and standard deviation
√
NσpT . The δpT distri-
bution in fig. 2 can therefore be fit to a Gamma distri-
bution to extract the width.
When there are Poissonian fluctuations in the number
of particles in the sample, the distribution is a sum of
Gamma distributions, with a standard deviation given
by
σδpT =
√
Nσ2pT +N〈pT 〉2. (5)
For both TennGen with vn =0 and Angantyr, the distri-
bution of the number of particles in the random cone were
consistent with a Poissonian distribution. The presence
of the hydrodynamic flow in eq. 2 leads to non-Poissonian
number fluctuations. If the fluctuations from each term
are approximated as uncorrelated, the width is given by
σδpT =
√√√√Nσ2pT + (N +N2 ∞∑
n=1
v2n)〈pT 〉2. (6)
This approximates the vn as constant for all momenta
and uncorrelated with each other. In [1], only n = 2 and
n = 3 terms were considered.
Note thatN in eq. 5 and eq. 6 is the number of particles
in the random cone, not the charged particle multiplicity
in the event. Furthermore the event-by-event subtraction
of ρ slightly reduces the width observed in a sample of
events because this reduces the fluctuations in N due to
differences in the reconstructed multiplicity.
C. Width of the δpT distribution
1. TennGen
Figure 3 shows σδpT in TennGen with vn =0 compared
to eq. 5 and with non-zero vn compared to eq. 6. The pre-
dictions from eq. 5 and eq. 6 use the multiplicities, 〈pT 〉,
and σpT in TennGen. The slight deviations seen here
are qualitatively consistent with [1], but the absence of
any correlations other than flow makes the discrepancy
easier to interpret in TennGen. The derivation of eq. 5
assumed that the single particle spectra were a Gamma
distribution while TennGen uses a Blast wave, which ex-
plains the 2% deviation between TennGen with vn =0
4FIG. 3. Comparison of the δpT distribution’s width in Ten-
nGen with vn =0 compared to eq. 5 and non-zero vn compared
to eq. 6. TennGen is generated from fits to single particle pT
spectra measured in
√
sNN = 2.76 TeV Pb+Pb collisions with
ALICE.
and eq. 5. This indicates that the width is somewhat
dependent on the shape of the spectrum. The derivation
of eq. 6 assumed both that the vn are independent of pT
and that there are no correlations between number fluc-
tuations due to flow, explaining the deviations as high as
6% between this prediction and TennGen with non-zero
flow.
2. Angantyr
Figure 4 compares the δpT widths in Angantyr with the
no jets, the leading jet, and the leading two jets excluded
from the sample to eq. 5. Jets are excluded by requiring
the separation between the axis of the random cone and
the jet axis ∆R =
√
(φjet − φcone)2 + (ηjet − ηcone)2 >
1.0. The predictions from eq. 5 use the multiplicities,
〈pT 〉, and σpT in Angantyr. The same events are analyzed
in each case, so their uncertainties are mostly correlated.
The widths in Angantyr are up to 40% higher than that
predicted by eq. 5, and the discrepancy only gets slightly
better when jets are excluded.
Figure 5 shows the δpT widths in Au+Au collisions
at
√
sNN = 200 GeV and Pb+Pb collisions at
√
sNN =
2.76 TeV. The predictions from eq. 5 use the multiplici-
ties, 〈pT 〉, and σpT in at each energy. The lower energy
should have fewer jets than the higher energy, but the
discrepancy between Angantyr and eq. 5 is comparable
at both energies. This indicates that jets are not the
dominant cause of the difference.
Figure 6 shows a comparison of the δpT widths cal-
culated with randomized track φ to predictions from
eq. 5. Even after randomizing the tracks in the Angantyr
simulations, the difference remains. This randomization
breaks all all correlations, indicating that the primary
FIG. 4. Comparison of the δpT distribution’s width in An-
gantyr for Pb+Pb collisions at
√
sNN = 2.76 TeV with eq. 5
with zero, one, and two leading jets omitted from the sample.
FIG. 5. Comparison of the δpT distribution’s width in An-
gantyr for Au+Au collisions at
√
sNN = 200 GeV and Pb+Pb
collisions at
√
sNN = 2.76 TeV compared to eq. 5.
cause of this discrepancy is the difference between the
single particle spectrum in Angantyr and a Gamma dis-
tribution.
IV. CONCLUSIONS
While our studies broadly support the conclusions
in [1] that the background fluctuations are dominated by
random combinations of particles, we find that this width
5FIG. 6. Comparison of the δpT distribution’s width in An-
gantyr for Pb+Pb collisions at
√
sNN = 2.76 TeV with tracks
with randomized azimuthal angles compared to eq. 5.
is sensitive to both details of the hydrodynamical back-
ground and the shape of the single particle momentum
spectrum. These effects are less than 6% for TennGen,
a data-driven random background generator, but up to
40% in PYTHIA Angantyr.
As measurements of jets in heavy ion collisions become
higher precision, it is important to make sure that model
comparisons are comparable to data. Some of the details
of flow correlations would be difficult to fully describe in
background subtraction methods. Area-based subtrac-
tion techniques such as those used by ALICE with a
data-driven determination of the fluctuations [27, 28] and
the η-reflection method used by CMS [29, 30] should be
robust to these effects. It is less clear how these subtle ef-
fects in the width of fluctuations in the background would
be incorporated into mixed events [8] or impacted by the
iterative subtraction techniques used by CMS [31] and
ATLAS [32]. Many models, such as Angantyr, may not
accurately reproduce the background in heavy ion colli-
sions. Implementation of the full experimental method in
model calculations, using tools such as Rivet, is essential
for robust and meaningful comparisons between models
and data.
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